We use confocal microscopy to study the three-dimensional (3D) structure of colloidal crystals formed by poly(N -isopropylacrylamide)-co-(acrylic acid) microgels of diameter 1.0-1.5 μm. The confocal images are tracked to locate particle positions in 3D, which are used to compute pair-correlation functions g(r), bond order parameters, and structure factors s(q). We find that the structure remains fcc for a range of charge, size, and concentration of the particles. When the particles are weakly attractive and are at low concentrations, polycrystalline solids result. In addition, owing to the compressibility of the colloids, the crystals display remarkable structural stability when subjected to external stress.
I. INTRODUCTION
Colloidal modeling of crystallization provides direct and accessible information on the crystallization process in atomic and molecular systems; hard-sphere colloids that interact through volume exclusion are typically used [1] [2] [3] [4] [5] [6] . Techniques such as microscopy, rheology, and light scattering are employed to map out the liquid-crystal-amorphous phase transitions in these colloidal suspensions [7] [8] [9] [10] [11] [12] . Recently, soft colloids have been used for colloidal crystallization studies owing to their deformability and the ability to use this property as a trigger to induce phase transitions [4, [13] [14] [15] [16] [17] [18] [19] .
A soft colloidal system that is commonly used is a microgel system copolymerized from N -isopropylacrylamide (NIPAm) and acrylic acid (AAc), resulting in poly(Nisopropylacrylamide)-co-(acrylic acid), or p(NIPAm-coAAc). These microgels have physical and chemical behaviors that are sensitive to pH, ionic strength, temperature, and polymer content [12, [20] [21] [22] [23] [24] [25] [26] [27] . The ability of the particles to change size as a function of temperature can be used to control volume fraction [14, 28] . Compressibility of the particles allows flexibility during crystallization, since softer and bigger particles can shrink to fit into a crystal lattice of smaller and stiffer particles [13] . Microgel suspensions crystallize over a broad range of concentrations due to size changes [16, 29] . Simulations have predicted a charge-and size-dependent phase diagram of crystallization [20, 30] . Scattering and microscopy experiments in specific instances have found the structures to be fcc [4, 16, 19] ; however, to the best of our knowledge, crystal structures in microgel suspensions consisting of particles of diameter 1.0-1.5 μm as a function of concentration, size, charge, and polymer composition have not been examined. Such a study is thus valuable and contributes to understanding the phase behavior of charged soft colloids.
In this paper, we examine the three-dimensional crystallization behavior in suspensions of p(NIPAm-co-AAc) microgel colloids using confocal microscopy. We use particle-tracking techniques [31] to locate the three-dimensional (3D) positions of the particles in the crystal and subsequently determine the crystal structure by calculating the pair-correlation functions g(r), bond order parameters, and structure factors s(q). Our * mmuluneh@fas.harvard.edu results show that the crystal structure in these p(NIPAm-coAAc) suspensions is independent of concentration, charge, size, and stiffness of particles remaining fcc under all conditions. At very low concentrations and at low pH, where crystallization is mainly driven by attraction between particles, the structures formed are polycrystalline solids. We also probe the relationship between compressibility of particles and crystal structure by applying external osmotic pressure on the crystals; the structure stays unchanged, demonstrating that deformability of the colloids enables the suspensions to maintain their crystal structure when subjected to external stress.
II. MATERIALS AND METHODS
We synthesize the microgels through free-radical precipitation copolymerization of NIPAm and AAc, cross-linked with N -N -methylene bisacrylamide (BIS), resulting in poly(Nisopropylacrylamide-co-acrylic acid) [32] [33] [34] . This yields monodispersed microgels with a fully swollen size in dilute solutions in the range of 1.0-1.5 μm in diameter at 25
• C and 0.3-0.8 μm in diameter above 32
• C as measured by dynamic light scattering [35] . The ratio D swollen /D collapsed is thus between 1.2 and 5.0, corresponding to the stiffest and the softest particles, respectively. The ratio of BIS to NIPAm is varied to change the stiffness of particles [36] . Rhodamine B (PolyFluor 570) is used for fluorescent labeling. The particles are cleaned by repeated centrifugation and redispersion in de-ionized water. A series of concentrations are then prepared by dispersing the concentrated suspension in solutions whose pH values are adjusted using 0.1M HCl. The change in pH translates into a change of charge on the particles. This is verified by measuring the zeta potential of the particles (Malvern Zetasizer), found to be −0.7 mV at pH = 3.0, −12 mV at pH = 5.0, and −16 mV at pH = 7.0. These agree with values given elsewhere [37] . The charge is then deduced as described previously [38, 39] . We find that particles have a net charge of ∼60e at pH = 3.0, ∼3000e at pH = 5.0, and ∼4000e at pH = 7.0, respectively, where e is the electron charge.
Each sample is initialized by applying shear on a vortexer for 3 min. The sheared sample is placed in an imaging cell, and left to equilibrate for 3 days at room temperature. This ensures that there is enough time for samples at low concentrations to complete the crystallization process. Images are recorded with a confocal microscope (Leica SP5) equipped with a 100 × numerical aperture (NA) 1.4 oil immersion objective [40, 41] . This allows us to directly visualize the suspension deep into the bulk of our sample and still obtain high-quality images; microgels are inherently close to index matched since the particles themselves typically contain more than 90% of solvent. The temperature of the samples is kept at 25
• C by using objective warmers fitted on the microscope (Warner Instruments) in a room maintained at a slightly lower temperature. The 3D field of view for our image stacks is 35 × 35 × 10 μm 3 , containing between 5000 and 15 000 particles. Images are recorded at a distance of ∼5 particle diameters away from the bottom coverslip and several micrometers away from the side walls to minimize wall effects [42, 43] . Ten image stacks are acquired from separate locations of the sample cell. After image acquisition, the particle positions are determined using particle tracking algorithms [31] .
Microgel particles shrink when the concentration of the suspension increases; we therefore define an effective volume fraction of particles as ζ = V o n, where V o is the volume of a particle in dilute suspension, and n is the number density of particles [12, 24] . Measurement of the hydrodynamic radius is complicated by the polymer-brush extensions on the particles which have the effect of enlarging the value; as a result, a direct parallel between ζ and the colloidal volume fraction is not straightforward. At higher concentrations when the particles become compressed, ζ can reach values much larger than unity. ζ is used to provide a self-consistent calibration for a sample with a given cross-linker-to-monomer ratio and should not be compared to the traditional colloidal volume fraction. Cross-comparing values from different samples is also not useful since the particle structure, pH, and a slight variation in synthesis can introduce changes from sample to sample, making such a comparison arbitrary. Nevertheless, we see phase transitions to occur for values of ζ within a range of five percentage points; for example, crystallization of samples starts when ζ = 0.55 ± 0.05. The parameter also provides information on the range of concentrations over which crystallization occurs for a specific sample, and allows us to roughly compare the trend between ranges of concentrations of different samples.
III. RESULTS AND DISCUSSION
Microgels crystallize over a broad range of concentrations [16] . Crystallization is facilitated by the ability of the particles to shrink, as this minimizes the effect of any polydispersity [13, 16] , a key behavior that differentiates microgels from hardsphere colloidal systems. Figure 1 shows a sequence of twodimensional (2D) images of microgel crystals for the crosslinker-to-monomer ratio, BIS:NIPAm (or b:n from here on), of 8% at concentrations of ζ = 0.84, 0.94, 1.73, and 1.86, respectively. The higher the concentration, the smaller is the size of the particles and the distances between them, illustrating the deswelling behavior of these colloids [12] , a characteristic that makes it possible for the suspensions to crystallize over a broad range of concentrations.
The crystal structure is analyzed by calculating the paircorrelation function g(r), which measures the probability of finding a particle a distance r from a particle at the center. For a perfect crystalline system, g(r) is characterized by peaks at well-defined values. For example, an ideal fcc crystal structure has g(r) peaks at r/α values of
. . , where α is the position of the first peak [44] . The g(r) peak positions from the microgel crystals are then used to determine the structure. In Fig. 2 , we have plotted the g(r) for samples with different b:n, pH, and ζ . The horizontal axis is normalized by the first peak position of g(r), α. The plots for each concentration are offset vertically for clarity. The dashed vertical lines represent the theoretical peak positions for an ideal fcc stacking. In the insets are the crystal bond order parameters Q 6 and W 6 [45] . The results obtained for g(r) and order parameters across the different cross-linker-to-monomer ratios and different concentrations agree with theoretical values for fcc stacking. This uniformity in the results obtained across samples of different stiffnesses confirm that changes in the internal structure of the particles due to the variation of cross-linker-to-monomer ratio [23, 46] do not play a role in determining how these particles arrange in crystals. Moreover, the fcc stacking structure of crystals in these systems is independent of colloid concentration.
In addition to the concentration and particle internal structure, the charge on the particles may change the phase behavior of these suspensions by influencing the electrostatic interactions between the particles [47] [48] [49] . The amount of charge on the particles can be controlled by changing the pH of the suspensions, as confirmed by our zeta potential measurements. At low pH, it is possible that the carboxylic groups of AAc are mostly protonated, making the particles less charged; it is thus likely that hydrogen bonding overcomes charge repulsion to cause attraction between particles [17, 22] . By contrast, at high pH, particles are more charged and, as a result, are repulsive. The results in Fig. 2 are obtained at three different pH levels. The peaks in the g(r) reveal that the structures both in the attractive and repulsive conditions are in agreement with predictions for fcc stacking. Simulation results have predicted a charge-dependent crystal structure for ionic microgels of diameter 0.1-0.5 μm and of charge of less than 600e [20, 30] ; some agreement of the theory with experiment has been reported [50] . Although a direct comparison between our data and the theory cannot be made, we see no evidence of the variation of structure with charge or concentration in our microgel suspensions.
To investigate spatial order, we look at the structure factor s(q) of the crystals [2, 51] . Figure 3 points similar to Fig. 3(b) . The peaks in s(q) are nodes arranged hexagonally, as expected for an extended crystal in 3D [ Fig. 3(b) ]; the highly localized nature of the nodes in reciprocal space means there is both translational and orientational order in the crystal [2, 51] .
For further analysis of stacking in 3D, we render the crystals as shown in Fig. 3(c) , where four layers of the 111 planes are reconstructed from the tracked data. An ABCABC. . . stacking of such planes is indicative of fcc crystal structure [2, 6] . The arrangement of the planes is ABCA, with the bottom and top layers aligned. Looking at the rendered data perpendicular to the 111 planes as shown in Fig. 3(d) clearly shows the three layers at locations displaced with respect to each other as expected. The particles are arranged parallel to the bottom coverslip [ Figs. 3(c) and 3(e) ]. In Fig. 3(e) , the probability distribution of the z position is plotted as a function of height from the bottom coverslip, showing nonzero probabilities only at the location of the horizontal planes, illustrating the highly ordered nature of the stacking. The stacking of horizontal planes can extend tens of micrometers above the bottom coverslip.
Microgels at low pH crystallize at lower concentrations due to attraction between the particles [12, 16, 17, 29] even though the suspensions are not sufficiently crowded to form crystals through entropic forces. Looking at the spatial profile of the crystals helps to understand how this occurs. At high pH and when particles are repulsive, the structures are mainly extended single crystals that cover the full field of view as in Fig. 4(a) . By contrast, at low pH, defects and dislocations become more common [ Fig. 4(b) ], and at low concentration, a polycrystalline structure results [ Fig. 4(c) ]. Nevertheless, the peaks in the g(r) still agree with the expected values for fcc structure [ Fig. 2(d) ]. The change in the size of the crystals is also reflected in the broadening of the peaks in s(q). The hexagonal sharp nodes that characterize extended single crystals [ Fig. 4(d) ] now become broader and also get Fig. 4(b) are out of focus owing to a dislocation perpendicular to the bottom coverslip. The rendering in Fig. 4(g) shows how multiple layers of the stacking are displaced in the vertical direction; the black arrow indicates where this has occurred. Such defects are introduced when crystallization occurs due to attraction even though the concentration is too low for crystals to form entropically.
Spontaneous crystallization does not occur above ζ = 0.94, 1.05, and 1.2 for 8%, 1%, and 0.5% b:n, respectively. Beyond these concentrations, the suspensions stay amorphous even after a few weeks. To further investigate the effect of deformability on the structure and stability of the crystals formed, we subject the crystallized suspensions to an external osmotic pressure. A 10-wt % Dextran (M r ∼ 70 k/mol) solution is used to apply osmotic pressure of about 20 kPa [52] to a crystallized sample, as shown in the schematic in Fig. 5(a) . Figure 5(b) shows the g(r) for the sample with 8% b:n at neutral pH which is concentrated to ζ = 1.73 by applying the external osmotic pressure for 2 h; the fcc peaks are still prominent, illustrating the ability of the suspension to maintain the overall structure while individual particles shrink in size. The fcc peaks tend to remain in place even after the system has been subjected to osmotic pressure for 12 h [ Fig. 5(b) ] and when the concentration has reached ζ = 1.86. The s(q) is still characterized by hexagonal nodes for the sample at ζ = 1.73; this shows the persistence of spatial order in the resulting crystal [ Fig. 5(c) ].
IV. CONCLUSION
Microgel suspensions consisting of particles of diameter 1.0-1.5 μm are allowed to crystallize spontaneously over 3 days for different particle charges, concentrations, and stiffnesses, and are imaged under a confocal microscope to determine the crystal structure. The tracked particle positions are used to calculate the pair-correlation functions, bond order parameters, and structure factors. Results obtained for g(r) and bond order parameters agree with those predicted for fcc crystal structure at all particle concentrations and stiffnesses. In addition, the results do not depend on the charge on the particles, as demonstrated by experiments done by varying the pH of the suspensions. At neutral pH where the particles are repulsive [22] and crystallization is driven by entropic forces, the crystals have both translational and orientational order, as shown by the hexagonal sharp nodes in the structure factor. At low pH and low concentration where crystallization is not entropically driven and is the result of attraction-induced nucleation [12] , the resulting structures are polycrystalline. The ability of the particles to shrink by expelling solvent during either gravitational or osmotic pressure means that they can be made to pack to high concentrations with ζ > 1.0. Spontaneous crystallization ceases to occur past a critical concentration; nevertheless, crystals at higher than this critical concentration can be obtained by applying external osmotic pressure to already crystallized samples. Surprisingly, the crystal structures before and after the application of external osmotic pressure are identical, illustrating the remarkable ability of the suspensions to neutralize external stress, a unique feature of these soft spheres.
